CURATIVE PIPELINE RECONSTRUCTION OF GIANT MIDBASILAR ANEURYSM
varying the technique of device deployment as well as by judiciously choosing the number of devices placed in a particular vascular segment. We report the results of treating a 13-year-old girl with a giant, partially thrombosed midbasilar trunk aneurysm which was anatomically reconstructed with the PED.
CASE REPORT
A 13-year-old girl presented with a 9-month history of intermittent headache. Initially, she had no neurological deficits, but she developed left gaze nystagmus and left upper-limb ataxia 1 month before treatment with PED. Computed tomographic angiography, magnetic resonance angiography, and cerebral angiography showed a 39-mm partially thrombosed mid basilar artery aneurysm. The proximal basilar artery measured 2.9 mm, and the distal basilar artery measured 2.5 mm. The aneurysm "neck" circumferentially encompassed a 29-mm-long segment of the midbasilar artery (Fig. 1) . The patient sought consultation from a series of neurosurgeons, each of whom declined to offer open surgical treatment because of an unacceptably high risk of periprocedural morbidity and mortality. The patient was then referred to a regional center for a second opinion from an endovascular neurosurgeon, who recommended endovascular treatment. The patient underwent angiography in anticipation of conventional stent-assisted coiling of the aneurysm, but the procedure was aborted without stent placement or coiling. The patient was ultimately referred to our center for possible treatment with the PED. The procedure was performed under a United States Food and Drug Administration exemption for compassionate use and with local institutional review board approval. Patient-and procedure-specific, institutional review board-approved written consent was obtained before proceeding.
The patient was pretreated with aspirin and clopidogrel, and response to both agents was confirmed using platelet aggregometry. The patient was placed under general anesthesia, and systemic anticoagulation was achieved with intravenously administered heparin to increase the activated clotting time to 250 seconds. A 6-French Envoy guiding catheter (Cordis Neurovascular, Miami Lakes, FL) was manipulated into the distal aspect of the left cervical vertebral artery. Under roadmap guidance, a Renegade Hi-Flo microcatheter (Boston Scientific, Fremont, CA) and 0.014-inch Synchro-2 microwire (Boston Scientific) were advanced across the aneurysm and into the distal basilar and left posterior cerebral artery. A PED construct was built, spanning from the normal-appearing basilar artery distally to the normal-appearing basilar proximally (Fig. 2, A and B). The final construct was comprised of 7 PEDs, which were sequentially placed in a telescoping manner to achieve a stable, solid bridge across the aneurysmal segment.
The sequence and sizes of the Pipeline devices deployed are shown in Table 1 . PEDs were placed to achieve maximum metal surface area coverage over the length of the aneurysm neck while limiting the amount of metal coverage over the perforators arising from the proximal and distal basilar artery. After each PED was deployed, the microcatheter was driven back through the construct over the deployment guide wire to main tain microcatheter access across the construct. After a complete bridge across the aneurysmal segment was completed, subsequent PEDs were placed over the aneurysm neck, with an emphasis on "packing," to achieve the highest possible metal surface area coverage with the device. This technique of "packing" consists of deploying the PED while maintaining forward pressure on the delivery microcatheter. With this technique, the device is deployed to its maximal possible diameter and, to some extent, compacted to achieve the greatest density of braids possible over the length of the deployed device.
At the conclusion of the procedure, control angiography was performed, as was a postprocedural DynaCT scan (Siemens Medical Solutions, Erlangen, Germany) (Fig. 2C) . Completion angiography showed significant flow reduction into the aneurysm, with stasis into the venous phase of angiography (Fig. 3, A and B) . The entire procedural time for the case was 90 minutes (from first to last angiographic image). The pa tient was maintained on a low dose of intravenously administered hep arin (300 U/h) for 24 hours after the procedure. There were no immediate complications noted from the treatment, and the patient emerged from anesthesia without neurological complications. Within 24 hours of placement of the construct, her presenting neurological symptoms of headache, left gaze nystagmus, and left upper-extremity ataxia had resolved completely.
Repeat angiography on postoperative Day (POD) 2 showed mar k ed interval progression of aneu rysmal thrombosis, with con tinued filling of the central portion of the aneurysm (Fig. 3, C and D) . On POD 3, she was discharged to a local hotel. Final periprocedural angiography, performed on POD 7, showed complete occlusion of the aneurysm with anatomic recon struction of the basilar artery (Fig. 4) . She returned home on POD 8 and returned to school on POD 10. She has resumed all normal activities and remains neurologically normal without deficits or headache at 10 weeks. She will be maintained on dual antiplatelet medications for 6 months.
DISCUSSION
The presented case illustrates 3 important concepts directly related to the future application of the PED for the treatment of intracranial aneurysms: 1) as previously demonstrated (2), the PED can be used to reconstruct and definitively treat intracranial aneurysms that are not amenable to other open surgical or conventional endovascular techniques; 2) complete aneurysm occlusion can be achieved without adjunctive embolization coils; and 3) the PED, when applied strategically to create an endovascular construct, may be safely deployed within a parent vessel that is rich with elo quent perforators.
Definitive Anatomic Reconstruction of Complex Intracranial Aneurysms with PED
Giant intracranial aneu rysms, particularly those that are very wide necked or fusi form, are among the most daun ting vascular lesions to treat (10) . They are characterized by a dismal natural history, marked by a high likelihood of rupture and a course of progressive enlargement with neurological decline re lated to local mass effect, stroke, or hydrocephalus (6, 11) . Constructive surgical treat ment is often very difficult or impossible, particularly when the lesion is partially thrombosed or calcified. Attempted open surgical treatment is typically associated with high rates of periprocedural morbidity and mortality. In the present case, the location of the aneurysm (midbasilar trunk), its circumferential morphology, its size, the volume of thrombus within the aneurysm sac, and the magnitude of local mass effect essentially precluded any safe surgical access aimed at reconstructive treatment. Parent vessel occlusion, or in the present case, bilateral vertebral occlusion to elicit flow reversal, represents a strategy with significant risk and unpredictable efficacy. Moreover, this deconstructive strategy eliminates any future access for endovascular therapy.
Constructive endovascular treatments using conventional, com mercially available devices represent a significant technical challenge. In addition, with very large wide-necked, giant, and fusiform aneurysms, these techniques typically yield only a partial treatment, which almost inevitably leads to a series of re peated recurrences requiring multiple retreatments (1, 5, 7) . In the present case, the complexity of the lesion precluded an attempt at stent-assisted coil embolization at an outside institution by an experienced team of endovascular neurosurgeons. Although Zenteno et al. (12) recently described endovascular re construction with more conventional balloon-expandable stents as a stand-alone treatment for wide-necked posterior circulation aneurysms, it is unlikely that the length of the vascular segment involved in the present case could be safely or effectively reconstructed with these devices. At the same time, the experience of these authors does provide evidence that endoluminal constructs can induce flow changes that are suffia PED, Pipeline embolization device. 
B A C CURATIVE PIPELINE RECONSTRUCTION OF GIANT MIDBASILAR ANEURYSM
The conceptual basis for the procedure is also fundamentally superior to conventional stent-supported embolization with coils. With the PED, a dense cylindrical mesh is built to reconstruct a de novo vessel through the diseased segment. In a rabbit elastase aneurysm model, Kallmes et al. (3) demonstrated that this endovascular mesh acts as a scaffolding for endothelial and neointimal overgrowth, which forms a contiguous layer that eventually completely covers the aneurysm neck. In these models, the endothelium growing over the devices was noted to be contiguous with the endothelium of the parent artery both proximal and distal to the in situ PED construct, bridging the aneurysm neck and diseased vascular segment from "normal vessel" to "normal vessel." As such, once the construct is in place and the aneurysm is completely occluded on angiography, there is no mechanism whereby the aneurysm should recur, considering that the treated segment has been circumferentially and contiguously reconstructed. After the construct has been completely incorporated and the "endovascular repaving" completed, the treated segment represents, essentially, a "steel-reinforced" artery. There are no coils to compact, there is no "untreated" neck remnant that can grow, and there is no adjacent portion of untreated parent vessel that can reconstitute an aneurysm.
The previous PED cases presented by Fiorella et al. (2) were angiographically stable at the time of the 1-year follow-up evaluation. These findings provide some preliminary evidence to confirm the hypothesis that once angiographic aneurysm obliteration has been achieved with PED, the reconstructed vessel is durable thereafter. This is analogous to the results achieved with successful surgical clipping.
Complete Aneurysm Treatment without Coils
The treatment of large and giant aneurysms with coils, although sometimes effective, is often incomplete, frequently not durable, and typically very expensive (5, 7) . During coil embolization, the strategy is to achieve thorough coverage of the aneurysm neck with embolization coils to disrupt flow cient to create an environment that initiates aneurysm occlusion in selected cases.
Although open surgical and conventional endovascular techniques are of limited safety and efficacy in this setting, endovascular reconstruction with PED represents an optimal treatment strategy. This technique is more technically straightforward for experienced operators, safer, and far more physiological than any of the other options. This is clearly demonstrated by the present case, in which the entire endovascular procedure was completed within 90 minutes, and the patient was able to leave the hospital and resume normal activities within 72 hours, return home on POD 8, and return to school on POD 10. 
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into, and out of, the aneurysm, thereby creating a physiology favorable to aneurysm thrombosis and durable occlusion. Embolization coils distributed in the saccular portion of the aneurysm, near the dome, function primarily to stabilize those coils distributed in the region of the aneurysm neck and, to a lesser extent, to facilitate thrombosis within the aneurysm fundus. With large and giant aneurysms, the packing densities achieved are far lower than those seen with small aneurysms (8) . Even in glass models, maximum embolization volumes achieved with platinum coils packed as tightly as possible have been reported in the 30 to 40% range, indicating that two-thirds of even the most densely packed aneurysms are composed of free space (4). In addition, when the mural defect is large and involves the parent vessel wall circumferentially, as is inevitable in large aneurysms, it becomes increasingly difficult to recreate the absent vessel wall with coils alone. As such, the intraaneurysmal coil mass, although often very effective in smaller aneurysms, is prone to compaction over time, particularly in large and giant aneurysms. These results manifest clinically as very high rates of aneurysm recurrence and correspondingly low rates of complete aneurysm occlusion at the time of followup. For example, Murayama et al. (5) reported angiographic recurrence rates of 35.3% for large aneurysms and 59.1% for giant aneurysms at the time of follow-up. Similarly, Raymond et al. (7) reported 12-month complete occlusion rates of only 38.3% for a series of aneurysms with an average size of just under 10 mm.
With the PED, 100% of the metal within the device is targeted to the occlusion of the aneurysm neck and the reconstruction of the parent vessel over the segment that gives rise to the aneurysm. Once the inflow and outflow of the aneurysm have been sufficiently disrupted, the aneurysm proceeds to thrombosis. The present case shows that, even in one of the most extreme cases possible, the flow disruption achieved with an adequately built PED construct is sufficient to create complete aneurysm thrombosis without adjunctive endosaccular occlusion with coils. Because the construct is anchored within the parent vessel itself, no coil mesh within the aneurysm fundus is necessary to stabilize the neck coverage created by the PED. Ultimately, the in situ PED construct provides an anatomic scaffolding over which endothelialization and neointimal growth can occur to provide a homogeneous and contiguous barrier of tissue over the mural defect. This anatomic reconstitution of a normal endovascular surface over the aneurysm neck represents the hallmark of an anatomic cure, which is seen only rarely after embolization with coils.
Application of PED in a Parent Vessel Giving Rise to Eloquent Perforators
Through a strategic placement of the PEDs, we were able to build a stable intravascular construct which provided very high metal surface area coverage concentrated over the aneurysm neck and much lower metal surface area coverage over the normal-appearing proximal and distal basilar artery segments. Thus, we were able to create an in situ PED endovascular construct designed specifically to occlude the aneurysm while maintaining enough porosity to allow perfusion of the vital perforators arising from the normal proximal and distal basilar artery segments. Unlike the aneurysm filling, which is governed by parent vessel geometry and flow dynamics alone, flow into perforating vessels is maintained by a pressure gradient. These perforators present a lower-pressure "run-off" to the parent artery and, thereby, maintain their patency even when a significant percentage of the ostial surface area is covered. Our results in the present case are analogous to those demonstrated by Kallmes et al. (3) in their experiments in which they implanted PEDs within the rabbit aorta. Although the PEDs within the parent aorta were generally covered with a homogeneous, contiguous layer of endothelium, there were focal rounded defects corresponding to the origins of the lumbar arteries. In these regions, the construct remained bare, preserving the patency of these ostia and continued perfusion (3) . No branch vessels covered by the PED constructs implanted in either the rabbit subclavian artery or abdominal aorta went on to occlusion at the time of follow-up. Similarly, the angiographically visible branch vessels covered with PED constructs in our 2 previous human patients have also remained patent (2) .
When applying the PED in arterial segments giving rise to potentially eloquent perforators, caution must be exercised to avoid multilayer or densely packed coverage. It is also critical that adequate dual antiplatelet medication has been administered and that therapeutic procedural heparinization has been instituted.
CONCLUSION
The PED provides a means by which to achieve definitive endovascular reconstruction of even the most complex cerebral aneurysms. The PED construct alone can create aneurysm thrombosis, without adjunctive embolization coils. When used strategically, the PED can be deployed within arterial segments giving rise to eloquent perforators. PED reconstruction offers a much less invasive, more technically straightforward, and more physiological treatment of many aneurysms than do other contemporary open surgical and endovascular therapies. Given the results achieved with the PED thus far, it seems difficult to justify heroic open surgical or conventional endovascular reconstructive treatments, deconstructive treatments, or flow reversal procedures for complex aneurysms that might otherwise be amenable to a safer and more straightforward curative reconstruction with PED.
